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ClC-5, a chloride/proton exchanger, is predominantly ex-
pressed and localized in subapical endosomes of the renal prox-
imal tubule. Mutations of the CLCN5 gene cause Dent disease.
The symptoms of Dent disease are replicated in Clcn5 knock-
out mice. Absence of ClC-5 in mice is associated with reduced
surface expression of NHE3 in proximal tubules. Themolecular
basis for this change is not fully understood. In this study, we
investigated the mechanisms by which ClC-5 regulates traffick-
ing of NHE3. Whether ClC-5-dependent endocytosis, exocyto-
sis, or both contributed to the altered distribution of NHE3 was
examined. First, NHE3 activity in proximal tubules of wild type
(WT) and Clcn5 KO mice was determined by two-photon
microscopy. Basal and dexamethasone-stimulated NHE3 activ-
ity of Clcn5 KOmice was decreased compared with that seen in
WT mice, whereas the degree of inhibition of NHE3 activity by
increasing cellular concentration of cAMP (forskolin) or Ca2�

(A23187) was not different in WT and Clcn5 KOmice. Second,
NHE3-dependent absorption of HCO3

�, measured by single
tubule perfusion, was reduced in proximal tubules of Clcn5 KO
mice. Third, by cell surface biotinylation, trafficking of NHE3
was examined in short hairpin RNA (shRNA) plasmid-trans-
fected opossum kidney cells. Surface NHE3 was reduced in
opossum kidney cells with reduced expression of ClC-5,
whereas the total protein level of NHE3 did not change. Para-
thyroid hormone decreased NHE3 surface expression, but the
extent of decrease and the rate of endocytosis observed in both
scrambled and ClC-5 knockdown cells were not significantly
different. However, the rates of basal and dexamethasone-stim-
ulated exocytosis ofNHE3were attenuated inClC-5 knockdown
cells. These results show that ClC-5 plays an essential role in
exocytosis of NHE3.

Significant information about the function of the intracellu-
lar voltage-dependent chloride/proton exchanger ClC-55 has
come from the characterization of patients with Dent disease
and knock-outmousemodels ofClcn5 that have the renal char-
acteristics of this disease (1–5). Dent disease is caused bymuta-
tions of CLCN5 (6–8) and is characterized by low molecular
weight proteinuria, aminoaciduria, glycosuria, hyperphospha-
turia, hypercalciuria, and sodium and water loss with nephroli-
thiasis and progressive renal failure (9–11).
ClC-5 is a member of the CLC family of chloride-transport-

ing proteins that includes Cl� channels and Cl�/H� exchang-
ers (12–16). ClC-5 is expressed in the proximal tubule, the thick
ascending limb, and the intercalated cells of the collecting duct
in the human nephron (10, 17). In the mouse proximal tubule,
immunofluorescence results indicate that ClC-5 is colocalized
with the H�-ATPase, indicating an endosomal location (10,
18). The pH of transferrin-positive endosomes of cultured cells
from Clcn5 knock-out proximal tubule cells is more alkaline
than that observed in WT controls (19). The role of ClC-5 is
thought to be moving chloride as a counterion to the proton
that is pumped by the H�-ATPase (17, 20, 21), although a role
for Cl� beyond charge has been suggested recently (22).
Detailed studies of trafficking proteins in ClC-5-negative tis-

sues have not been reported. Piwon et al. (2) demonstrated that
the surface expression ofNhe3 andNpt2a, which are transport-
ers regulated by trafficking and normally reside in the renal
proximal tubule brush border membrane, was significantly
decreased in the Clcn5 KO mouse, and total Npt2a expression
was decreased. Likewise, the proximal tubule scavenger recep-
tor megalin was decreased in total amount and even further
reduced at the apical surface (2, 23). These results suggested
that apical domain trafficking was probably abnormal in the
Clcn5 KO proximal tubule. However, no systematic evaluation
of the role of ClC-5 in apical domain endocytosis/exocytosis
has been reported. In mice fed with a phosphate-depleted diet,
parathyroid hormone-induced NHE3 endocytosis was slowed
in theClcn5KO proximal tubule, indicating that the endocyto-
sis in intactmice is regulated in a ClC-5-dependentmanner (2).
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However, slowed endocytosis would not explain the decreased
steady-state surface distribution ofNhe3 in theClcn5KOprox-
imal tubule. Consequently, Jentsch and co-workers (2) hypoth-
esized that in the Clcn5 KO mouse this was caused by a high
concentration of tubular parathyroid hormone (PTH) caused
by decreased reabsorption of PTH via megalin. Based on these
observations, we believe that, due to the presence of both pri-
mary and secondary effects of ClC-5 in animal models, it may
not be possible to fully dissect the direct role of ClC-5 in traf-
ficking of apical membrane proteins by only using animal mod-
els. For example, in Clcn5 KO mice, changed luminal tubule
levels of PTHmightmask the direct function ofClC-5 onNHE3
surface expression. To further understand the effects of ClC-5
onNHE3 function and distribution, we characterized theClC-5
dependence of basal and regulated Nhe3 activity in mouse
proximal tubules and then studied basal and stimulated apical
distribution and rates of endocytosis and exocytosis of NHE3 in
the proximal tubule-like opossum kidney (OK) cell line using
short hairpin RNA (shRNA) to silence ClC-5. We show evi-
dence that ClC-5 is necessary for NHE3 exocytosis but not
endocytosis and that decreased ClC-5 lowers the amount of
NHE3 on the proximal tubule apical membrane in the absence
of elevated luminal PTH.

EXPERIMENTAL PROCEDURES

Mouse Models—The Clcn5 KOmice were maintained under
standard light and climate conditions in the animal facility of
The Johns Hopkins University School ofMedicine with ad libi-
tum access to water and chow. All animal procedures were
approved by the Animal Use Committee of The Johns Hopkins
University. Isoflurane was used for sacrificing the mice. Single
tubule perfusion experiments were approved by the Animal
Use Committee of Yale University.
Materials—SNARF-4F acetoxymethyl ester, culture media,

penicillin, and streptomycin were from Invitrogen. HOE694
was a gift from J. Puenter of Sonafi-Aventis (Frankfurt, Ger-
many). Forskolin, dexamethasone, bovine PTH, and L-glutathi-
one were from Sigma-Aldrich. A23187 was from Calbiochem
(Gibbstown,NJ). EZ-Link sulfo-NHS-SS-biotin, sulfo-NHS-ac-
etate, and immunopure avidin were from Thermo Scientific
(Pierce). The rabbit polyclonal anti-Clc-5 antibody used in this
study was produced and affinity-purified at Covance (Prince-
ton, NJ) to the antigen “KSRDRDRHREITNKS” from the
human ClC-5 N-terminal domain. This peptide has been used
previously to generate antibodies to ClC-5 (3, 16). The mouse
monoclonal anti-�-actin antibody was from Sigma-Aldrich
(catalog number A5441), and the mouse monoclonal anti-
GAPDH antibody was from United States Biological (Swamp-
scott, MA; catalog number G8140-11). The 3H3 monoclonal
mouse anti-opossum NHE3 antiserum was a gift from Orson
Moe (University of Texas Southwestern Medical Center, Dal-
las, TX). The polyclonal rabbit anti-megalin antiserum was a
gift from Daniel Biemesderfer (Yale University, New Haven,
CT). Anti-NHERF2 rabbit polyclonal antibodywas produced as
described previously (24). IRDye800CW, a goat-conjugated
affinity-purified anti-mouse IgG (heavy and light chains) was
from Rockland Inc. (Philadelphia, PA). Horseradish peroxi-
dase-labeled anti-mouse IgGwas fromAmersham Biosciences.

The enhanced chemiluminescence detection kit was from
PerkinElmer Life Sciences.
Isolated Kidney Cortex—Mice, as described previously (3)

(studied between 8 and 12 weeks of age), were briefly anesthe-
tized with isoflurane and then sacrificed by cervical dislocation.
The abdomen was immediately opened, and the kidneys were
removed and placed over ice in an ice-cold Na� buffer (buffer
A) containing 138 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM

MgSO4, 1 mM NaH2PO4, 25 mM glucose, 20 mM HEPES, and 1
mM probenecid, pH 7.4. The kidney was cut in half, the capsule
was removed, and 1–1.5-mm slices were cut with a razor blade.
These slices were mounted with Krazy Glue (Elmer’s Products
Inc., Columbus, OH) onto a glass coverslip (22).
Measurement of Renal Cortical NHE3 Activity by Multipho-

ton Microscopy/SNARF-4F—Methods used for the multipho-
ton experiments have been published previously (25). Briefly,
renal cortical slices fixed to a glass slide with Krazy Glue were
loaded with 20�M SNARF-4F in a sodium buffer at 37 °C for 35
min. Tissue was then placed on the stage in a multiphoton
microscope, perfused using a peristaltic pump with a Na�

buffer for 15 min, and then acidified for 30 min using a 60 mM

NH4Cl prepulse followed by perfusion with tetramethylammo-
nium (TMA) buffer for 20–25 min (containing 130 mM tetra-
methylammonium chloride, 5 mM KCl, 2 mM CaCl2, 1 mM

MgSO4, 1mMNaH2PO4, 25mMglucose, and 20mMHEPES, pH
7.4).
To monitor Na�/H� exchange activity as the initial rate of

pHi recovery, the TMA buffer was quickly switched to Na�

buffer, which was identical to TMA buffer except Na� replaces
TMA (26). Both buffers contained 50 �MHOE694 to eliminate
the contributions of NHE1 and NHE2 to the �pHi. Reagents
(pretreatment with 10 �M forskolin for 15 min, 2.5 �M A23187
for 45min, and 10�M dexamethasone for 2 h) were added to all
perfusion buffers, and time of exposure refers to time before
exposure to Na� buffer. 1 mM probenecid was in all perfusates
to prevent SNARF-4F leakage. Because resulting SNARF-4F
leakage in kidney was small, one slice of kidney cortex could be
used for two sequential acidifications/NHE3 measurement
cycles, each using an NH4Cl prepulse. Either two controls on
one slice or a control followed by a test condition was per-
formed. In dexamethasone experiments, control and dexa-
methasone treatments were done on different slices. There was
no pHi recovery when Na� was added as above in the presence
of 50 �M HOE694 when 10 �M ethylisopropylamiloride was
included, demonstrating that NHE3 activity was being
measured.
Analysis of Collected Images—Images for each optical section

of kidney cortex, 0–50 �m from the surface at 5-�m steps (see
Fig. 1,A andB), were taken at 580 and 640 nmand stored. These
conditions allowed quantifiable signals to be studied at depths
up to 40–50�mfrom the cortical surface. Below that, the signal
became too dim to obtain quantitative ratiometric data.Optical
images for analysis were taken typically starting at 20�mbelow
the cut surface of the kidney cortex to avoid damaged cortical
cells from the slice preparation. Regions of interest (ROIs),
including regions for measurements of background, were ran-
domly chosen in five to six individual proximal tubules. Fluo-
rescence intensity in gray levels that correspond to relative
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amounts of SNARF-4F for each ROI (16–21 ROIs per time
point) for both 640- and 580-nmemissionswas calculated using
NIH ImageJ. The intensity of the background was subtracted
from each chosen ROI. The 640/580 nm ratio for each ROI was
calculated, average values of ROIs were determined for each
time point, and 640/580 nm ratios over time were determined
followed by conversion to pH valueswith internal pH standards
usingMicrosoft Excel. TheNa�/H� exchange activity of NHE3
was determined as the initial rate in pH change by calculating
the initial steep pHi slope after the addition of Na� buffer using
linear curve fit analysis (Origin 6.0, OriginLab Corp., North-
ampton, MA) and is presented as �pH/min.
Single Tubule Determination of HCO3

� Absorption—Superfi-
cial proximal tubules were perfused in vivo by amethod similar
to those described previously (3, 27). WT and Clcn5 knock-out
mice were anesthetized by intraperitoneal injection of 100
mg/kg body weight Inactin (5-ethyl-5-(1-methylpropyl)-2-
thiobarbituric acid) from Sigma-Aldrich and then placed on a
thermostatically controlled surgical table to maintain body
temperature at 37 °C. After tracheotomy, the left jugular vein
was cannulated with a PE-10 catheter for intravenous infusion
of normal saline solution at a rate of 0.15 ml/h. The left kidney
was exposed by a lateral abdominal incision, isolated, and
immobilized in a kidney cup filled with lightmineral oil (37 °C).
A proximal convoluted tubule with three to five loops on the
kidney surface was selected and perfused using a Hampel-type
microperfusion pump at a rate of 15 nl/min with a proximal oil
block. Tubule fluid collections were made downstream using
another micropipette with an oil block on the distal side. The
perfusion solution contained 0.1% FD&C green dye for identi-
fication of the perfused loops. After fluid collections, the per-
fused tubules were marked with heavy mineral oil stained with
Sudan black. After the experiment, the perfused tubules were
filled with high viscosity Microfil (Canton Bio-Medical Prod-
ucts, Boulder, CO). The kidney was partially digested in 20%
NaOH, then silicone rubber casts of the tubule segments were
dissected, and the tubular length wasmeasured. The rate of net
HCO3

� absorption was measured and calculated based on
changes in the concentrations of total CO2. The total CO2 con-
centrations in both initial and collected fluids were measured
by the microcalorimetric (picapnotherm) method (27). The
rate of net HCO3

� absorption was calculated per minute per
millimeter of proximal tubule.
Construction of shRNAi Plasmids for Use in OK Cells—

shRNA primers specific for knocking down ClC-5 were
designed to the mouse nucleotide sequence NM_016691.2
using the Invitrogen mouse website. The constructs used were
5�-GCAGCAAGTTCCCTTCTAAAG-3� (shRNA-c27; c27)
and 5�-GCA TTT ATG ATG CCC ACA TCC-3� (shRNA-
c1869, c1869). Three other constructs, 5�-GGT GGT GGA
ATA GGC TCT TCA-3� (shRNA-c173; c173), 5�-GCT TCT
GTG ATA CTG CAT TAG-3� (shRNA-c2638; c2638), and
5�-GCT GCT GTG GGA ACA TCT TGT-3� (shRNA-c858;
c858) gave smaller amounts of silencing. Primers were cloned
into the vector pENTRTM/U6 (Invitrogen) using the U6 pro-
moter and RNA polymerase III terminator sites. In addition, a
scrambled construct (sc) having the same base pair composi-
tion as shRNA-c27 (5�-GGC ACTAACGTC CAC TATGTA-

3�) was cloned into the same vector and used as a control in all
shRNAi experiments. The protein level of ClC-5 was measured
by Western blotting to evaluate the effect of knockdown (KD)
of ClC-5 by shRNA.
OK Cells in Culture and Transfection—Didelphis virginiana

OK cells fromATCCwere used for surface expression of NHE3
and megalin as well as measurement of NHE3 exocytosis and
endocytosis. OK cells were cultured at 37 °C in a 95% air, 5%
CO2 atmosphere and passaged in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum, 100
units/ml penicillin, and 100 �g/ml streptomycin. Cells were
seeded onto plastic dishes (day 1) and grownovernight to�35%
confluence, and then the shRNA expression plasmids were
transfected using Lipofectamine 2000 according to the manu-
facturer’s instructions (Invitrogen). The percentage of cells
transfected was �85–90% based on cotransfection with GFP
and was optimized for the amounts of plasmid and Lipo-
fectamine. OK cells were grown to 4 days postconfluence and
then serum-starved for 1 day before the study. Experiments
were performed on day 5 after transfection.
Surface Expression of NHE3 and Megalin Measured by Cell

Surface Biotinylation—Measurement of surface proteins fol-
lowed biotinylation methods published previously (28, 29). To
measure surfaceNHE3, day 5 postconfluencyOK cellmonolay-
ers were chilled to 4 °C by rinsing with ice-cold phosphate-
buffered solution containing 0.1 mM Ca2� and 1.0 mM Mg2�

(PBS-Ca-Mg). Cells were incubated for 30 min with gentle
shaking in an alkaline borate buffer with 1.25 mg/ml NHS-SS-
biotin, and this was repeated once. After rinsing with PBS-Ca-
Mg, cells were washed twice for 10 min with 100 mM glycine in
PBS-Ca-Mg to scavenge unreacted biotin and then scraped into
lysis buffer (20 mM Tris, 150 mM NaCl, 1 mM EDTA, and 1%
Triton X-100, pH 7.4) with protease inhibitors (28). Lysates
were incubated with avidin-agarose beads to precipitate the
biotinylated proteins. The beads were washed three times with
PBSwith 0.1%TritonX-100, and the biotinylated proteins were
separated by SDS-PAGE and transferred to nitrocellulose
membranes for quantitativeWestern blotting using anti-mega-
lin and anti-NHE3 antibodies. For surface biotinylated megalin
and NHE3, GAPDH was used to determine contamination of
any intracellular biotin. GAPDH or actin was also used as a
loading control for total NHE3 and megalin. The Odyssey sys-
tem and Odyssey software (LI-COR Biosciences, Lincoln, NE)
or chemiluminescence and NIH ImageJ and Microsoft Excel
software were utilized to quantify surface and total amounts of
NHE3 and megalin.
In separate experiments, as described previously (30), OK

cells were incubated in serum-free medium with PTH (0.5 �M)
or vehicle for 40 min at 37 °C. Cells were rinsed, cell surface-
biotinylated at 4 °C, and quenched, and quantification of sur-
face and total NHE3 was then performed as described above.
Rate of Endocytosis of NHE3 Stimulated by PTH—Endocyto-

sis was measured by a protocol slightly modified from the
reduced glutathione (GSH)-resistant endocytosis assay de-
scribed previously by us (29). 5 days postconfluency, polarized
OK cells were serum-starved for 24 h and labeled with 1.5
mg/ml sulfo-NHS-SS biotin for 30 min at 4 °C (this was
repeated once), and then non-bound biotin was quenched as
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above. Cells were rinsed with PBS at 37 °C and then incubated
in serum-free mediumwith PTH (0.5 �m) at 37 °C for 0, 20, 35,
or 50min.Disheswere rinsedwith ice-cold phosphate-buffered
saline twice. Surface biotin was cleaved with GSH-containing
buffer (150 mM GSH, 150 mM NaCl, and 50 mM Tris-HCl, pH
8.8) as above. The biotinylatedNHE3 that was endocytosedwas
protected from cleavage by GSH. Cells were then solubilized in
lysis buffer, biotinylated proteins were retrieved with streptavi-
din beads, and internalized NHE3 was assayed as described
above via Western analysis and normalized to the surface
NHE3 initially present.
Dexamethasone (DEX)-mediated Changes in Steady-state

Surface Expression of NHE3—Measurement of dexametha-
sone-mediated changes in cell surface levels of NHE3 followed
the method of Bobulescu et al. (31). Apical surface proteins
were initially blockedwith 1.5mg/ml sulfo-NHS-acetate at 4 °C
for 2 h. This blocking step acetylates all accessible surface
amine groups, providing a low background against which newly
appearing surface NHE3 could be measured. After quenching
(100 mM glycine in PBS-Ca-Mg), cells were then switched to
serum-free medium with or without DEX (1 �M) at 37 °C for
3 h. Surface proteins were then biotinylated twice for 30 min
each and processed as above.
Exocytosis of NHE3 in Basal Conditions or after Stimulation

by Dexamethasone—To measure exocytosis of NHE3 in basal
conditions, confluent serum-starved OK cells were rinsed with
PBS-Ca-Mg two times at 4 °C. Surface proteins accessible to
NHS-SS-biotin were masked by reaction with membrane-im-
permeant NHS-acetate (1.5 mg/ml) at 4 °C for a total time of
2 h, adding fresh NHS-acetate every 40 min. Then cells were
incubated with quenching buffer (100 mM glycine in PBS-Ca-
Mg) twice with gentle shaking for a total time of 20 min at 4 °C.
After quenching, cells were incubated with prewarmed serum-
freemedium for 3, 5, and 7min at 37 °C. One set of cells treated
with sulfo-NHS-acetate at 4 °C but never warmed to 37 °C
served as the zero time point. Cells were then labeled with
sulfo-NHS-SS-biotin (0.3 mg/ml) and treated with lysis buffer
as described above. The biotinylated fraction was precipitated
with avidin-agarose beads. The resultant precipitate was sub-
jected to SDS-PAGE, and biotinylated NHE3 was detected by
Western blot analysis as described above.
Formeasurement of exocytosis ofNHE3 in response to dexa-

methasone, confluent serum-starved OK cells were treated
with or without dexamethasone (1.5 �M) for 2.5 h at 37 °C.
Then cells were treated with NHS-acetate, washed with
quenching buffer as above, and then incubatedwith prewarmed
serum-free medium for 4 min at 37 °C. The accessible surface
membrane proteins were labeled with biotin, the biotinylated
fraction was precipitated with avidin-agarose beads, and the
surface biotinylated NHE3 was detected by Western blot
analysis.
Statistics—The data for NHE3 activity in the kidney cortex

were analyzedwithOrigin 8.0 software (OriginLabCorp.). In all
experiments, p values were determined using Student’s
unpaired or paired t tests as indicated. Values are presented as
the mean � S.E.

RESULTS

Loss of ClC-5 Reduces Basal Nhe3 Activity in Murine Proximal
Tubules—Basal Nhe3 activity (�pH/min) was determined under
conditions in which Nhe2 and Nhe1 were inhibited by 50 �M

HOE694. As shown in Fig. 1 and Table 1, Nhe3 activity was
reduced by 26 � 10% (n � 17, p � 0.0001) in Clcn5 KO (0.20
�pH/min � 0.02, n � 17) compared withWT (0.29 �pH/min �
0.04, n � 17).
SecondMessenger Inhibition of Nhe3 Activity Is Not Changed

in Clcn5 KO Proximal Tubules, but Stimulation by Dexameth-
asone Is Reduced—To determine whether acute inhibition of
Nhe3 was altered in Clcn5 KO proximal tubules, permeable
second messengers were used to eliminate possible changes
related to ClC-5 in signaling molecules at steps between ligand
binding and second messenger generation. The effects of for-
skolin (10 �M) or A23187 (2.5 �M) onNhe3 activity were deter-
mined. The initial rate of Nhe3 activity (�pH/min) in WT
mouse proximal tubules treated with forskolin (10 �M) was
decreased by 40 � 6% (p � 0.001) (Fig. 2 and Table 1). In Clcn5
KO proximal tubules, forskolin also reduced Nhe3 activity by
41� 5% (p� 0.001) (Fig. 1 andTable 1), an effect similar to that
inWT. In another series of experiments, the initial rate of Nhe3
activity in WT proximal tubules was reduced by 38 � 5% after
A23187 treatment and reduced by 36 � 8% in Clcn5 KO prox-
imal tubules (Fig. 2 and Table 1), suggesting a similar effect of
A23187 on Nhe3 activity in WT and Clcn5 KO.

FIGURE 1. Basal NHE3 activity is reduced in proximal tubules of kidney
cortex from Clcn5 KO mice compared with WT, but forskolin causes sim-
ilar percent inhibition of NHE3 activity in both. A, the time line of the
experiments performed on the kidney cortex. Kidney cortex slices from WT
and Clcn5 KO mice were loaded with 20 �M SNARF-4F for 35 min at 37 °C in
Na� buffer before NH4Cl exposure. NH4Cl, TMA, and Na� buffers had 50 �M

HOE694 added to inhibit NHE1 and NHE2 activity. Forskolin (FSK) (10 �M) was
perfused over the tissue for �15 min before Na� addition. B, NHE3 activity is
presented as the initial rates (�pH/min). Results are expressed as the mean �
S.E. of experiments for WT (n � 6) and Clcn5 KO (n � 6). *p values are a
comparison of basal and forskolin-treated kidney proximal tubules (paired t
test), and p values are a comparison of basal NHE3 activity of WT and Clcn5 KO
(unpaired t test).
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DEX (10 �M; 2 h) pretreatment was used as a model of acute
stimulation ofNhe3 activity, a time before changes in transcrip-
tion increased changes in Nhe3 protein expression (31). DEX
stimulated Nhe3 activity in WT mouse proximal tubules by
40 � 7% over basal activity (p � 0.005) (Fig. 3 and Table 1),
whereas in the Clcn5 KOmouse, the increase was significantly
less (p � 0.01), being only 17 � 5% (p � 0.05) (Fig. 3 and Table
1). The DEX effect was reduced by 23 � 3% in Clcn5 KO mice
compared withWTmice. Overall these experiments show that
1) basal Nhe3 activity is decreased in the Clcn5 KO mice com-
pared withWT, 2) DEX stimulation of Nhe3 activity is reduced
in the Clcn5 KO mice, and 3) inhibition of Nhe3 activity by
forskolin and A23187 does not depend on ClC-5 in the renal
proximal tubule.
Transepithelial Bicarbonate Movement Is Reduced in

Clcn5 KO—In situ single tubule perfusion was used to mea-
sure WT and Clcn5 KO mouse proximal tubule transepithe-
lial bicarbonate movement, a process that is due to Nhe3
activity (Table 2). The bicarbonate flux in WT proximal

tubules was 109.9 � 7.3 pmol/min/mm of tubule length. In
Clcn5KO tubules, this flux was 77.4� 10.1 pmol/min/mm of
tubule length, a 30% decrease (p � 0.05). This decrease in
transepithelial movement of bicarbonate absorption is sim-

TABLE 1
Initial rates of NHE3 activity in intact mouse proximal tubules (�pH/min)
2, reduced;1, increased.

WT KO
n Untreated Treated Change p n Untreated Treated Change p

�pH/min �pH/min % �pH/min �pH/min %
Forskolin (10 �M) 6 0.27 � 0.03 0.16 � 0.01 240 � 6 �0.01a 6 0.19 � 0.01 0.11 � 0.01 241 � 5 �0.001a
A23187 (2.5 �M) 6 0.30 � 0.04 0.19 � 0.02 238 � 5 �0.005a 6 0.21 � 0.02 0.13 � 0.01 236 � 8 �0.01a
DEX (10 �M) 5 0.29 � 0.02 0.40 � 0.03 140 � 7b �0.005 5 0.21 � 0.01 0.24 � 0.01 114 � 5b �0.05
Basal activity 17 0.29 � 0.04 17 0.20 � 0.02 �0.0001

a Determined using Student’s paired t test.
b Comparing percent increase in NHE3 activity caused by dexamethasone treatment, WT versus Clcn5 KO, p � 0.01.

FIGURE 2. Ca2� ionophore A23187 causes similar percent inhibition of
NHE3 activity in kidney cortex from WT and Clcn5 KO mice. A, the time line
of the experiments performed on the kidney cortex using the same condi-
tions as in Fig. 1 except for the use of 2.5 �M A23187 to increase intracellular
calcium. B, NHE3 activity was measured by the initial rate of alkalinization
(�pH/min). Results are expressed as means � S.E. of experiments for WT (n �
6) and Clcn5 KO (n � 6). p values were calculated as described in Fig. 1.

FIGURE 3. DEX (2-h) stimulation of NHE3 activity is less in kidney cortex of
Clcn5 KO mice compared with WT. A, the time line of the experiments per-
formed on the kidney cortex using conditions shown in Fig. 1. The incubation
with 10 �M DEX occurred over a 2-h period, including during the dye loading
period, during the initial perfusion stage, and when Na� was absent. B, NHE3
activity is reported as an initial rate (�pH/min). Results are expressed as
means � S.E. of five experiments for WT and six experiments for Clcn5 KO. p
values are a comparison of wild-type and Clcn5 KO NHE3 activity with no DEX
treatment (basal NHE3 activity) (black bars) or a comparison of no DEX and
DEX treatment for WT and Clcn5-null slices.

TABLE 2
Bicarbonate absorption in kidney proximal tubules of WT and Clcn5
KO mice
Data are mean � S.E. N, number of perfused tubules; n, number of animals; Vo,
perfusion rate; L, tubular length; 	HCO3
o, bicarbonate concentration in the original
perfusate; 	HCO3
L, bicarbonate concentration in collected fluid; JHCO3

, bicarbonate
absorption.

N/n Vo L 	HCO3
o 	HCO3
L JHCO3

nl/min mm mM mM pmol/min/mm
WT 13/4 15.0 � 0.1 1.54 � 0.2 25.26 � 0.1 17.65 � 1.0 109.9 � 7.3
KO 11/4 15.1 � 0.1 1.63 � 0.3 25.1 � 0.01 20.35 � 1.3a 77.4 � 10.1a
a Significant difference from control (p � 0.05).
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ilar to the 31% decrease in Nhe3 activity in Clcn5 KO com-
pared with WT proximal tubules (see Table 1).
Standardization ofOKModel of ReducedClC-5Using shRNA—

The mechanism(s) underlying decreased basal and dexameth-
asone-stimulated Nhe3 activity in proximal tubules of Clcn5
KOmice was studied using the polarized renal proximal tubule
OK cell line in which shRNA was used to knockdown ClC-5
(Fig. 4). Fig. 4, A and B, show specificity of the anti-ClC-5 anti-
body used to quantify the efficiency of knockdown. The ClC-5
antibody recognized a band of�80 kDa in kidney cortex ofWT
mouse. No signal of ClC-5 was detectable in Clcn5 KO. The
protein level of NHE3 in Clcn5 KOmouse had no change com-
pared with that in WTmouse, suggesting that decreased Nhe3
activity in Clcn5 KO mouse is not due to alterations of total

Nhe3 protein (Fig. 4A). As shown in Fig. 4B, an �80-kDa pro-
tein bandwas identified in cell lysates fromOKcells transfected
with sc or shRNA-c27 (sh) and WT cells without transfection,
although the signal of the band was reduced by the ClC-5
shRNA. Competing peptide displacement eliminated the entire
signal except forminimal amounts of two bands of a size similar
to ClC-5, which are interpreted as nonspecific bands. Based on
previous reports (32, 33), NHERF2 is necessary for DEX stim-
ulation of NHE3. In this study, DEX-induced exocytosis of
NHE3 served as a model for elucidating the role of ClC-5 in
NHE3 trafficking, although it has been reported that endoge-
nous NHERF2 is not detected in some OK cell lines (33). Using
PS120/FLAG-NHERF2 cells as a positive control for the protein
level of NHERF2 (Fig. 4C), the OK cells used in this study do
express endogenous NHERF2. The amount of endogenous
NHERF2 in OK cells compared with that in mouse kidney cor-
tex also confirmed the expression of NHERF2 protein in OK
cells, although mouse kidney cortex also had higher levels of
NHERF2 compared with these OK cells (Fig. 4D).
To create a model of ClC-5 deficiency in OK cells, shRNA

was used. shRNA or scrambled constructs were transfected
intoOK cells and evaluated�5 days later (supplemental Fig. 1).
Transfection efficiencywas 85–90%using cotransfectedGFP as
a marker. Two shRNA constructs lowered the level of ClC-5 by
�60%. One, c27, lowered the ClC-5 protein by 65 � 7% (n �
32). A second construct, c1869, resulted in a decrease of 60 �
8% (n � 7). Three other constructs caused a much smaller but
significant reduction in ClC-5 expression (supplemental Fig.
1B). A scrambled construct made with the same base pairs as
c27 did not alter the expression of ClC-5 compared with cells
without transfection with any construct (Fig. 4B). No construct
altered expression of actin or GAPDH. One construct, c1869,
also decreased NHE3 expression and was not further studied
(supplemental Fig. 1C). Among all the ClC-5-silencing con-
structs, c27 had the greatest effect on reduction of ClC-5
expression and had no effect on NHE3 expression compared
with that of the sc. Further in vitro studies in OK cell lines were
primarily carried out with c27.
shRNA KD of ClC-5 in OK Cells Mimics Changes in Surface

and Total NHE3 and Megalin Expression Seen in Clcn5 KO
Mouse Renal Proximal Tubules—Surface expression of NHE3
and megalin was determined in WT and ClC-5 KD OK cells.
ClC-5 was silenced by 65 � 5% (n � 4) in these experiments
using the c27 construct. As shown in Fig. 5, A and B, KD of
ClC-5 significantly reduced the percentage of surface megalin
andNHE3 as determined by cell surface biotinylation. In ClC-5
KDOK cells, the percentage of NHE3 on the apical surface was
decreased by 39 � 9% (n � 4, p � 0.05) compared with that in
the scrambled group. Total NHE3 did not change between
scrambled and KD groups (Fig. 5, A and C). As shown in Fig. 5,
A and C, total megalin was also reduced in ClC-5 KD OK cells,
which is similar to what was found in proximal tubules of the
Clcn5KOmouse. These results agree qualitativelywith those in
Clcn5 KO mouse proximal tubules described above and indi-
cate that the OK cells transfected with ClC-5 shRNA plasmids
are an appropriate in vitro model to study mechanisms by
which theNHE3 surface amount depends onClC-5 expression.

FIGURE 4. Anti-ClC-5 antibody recognizes a protein in wild-type mouse
proximal tubule and OK cells. A, equal amounts of protein (40 �g) from
mouse cortical lysates (WT and Clcn5 KO mice) were applied to each lane and
subjected to 10% SDS-PAGE. The protein levels of ClC-5, NHE3, and GAPDH
were detected by corresponding antibodies. One representative blot is
shown from three independent experiments. B, ClC-5 protein was detected in
cell lysates from OK cells transfected with sc or sh and OK cells without trans-
fection (WT) by Western blot analysis. Equal amounts of protein (40 �g) from
sc, sh, and WT groups were applied to each lane and subjected to 10% SDS-
PAGE. Proteins were transferred to nitrocellulose membrane. A peptide dis-
placement assay was performed in sc, sh, and WT groups. For the peptide
minus group, ClC-5 antibody was preincubated without peptide on ice for 30
min. For peptide plus groups, ClC-5 antibody was preincubated with peptide
(100 �g/ml) on ice for 30 min. One representative blot is shown from three
independent experiments. C and D, equal amounts of protein (30 �g) from
lysates of OK cells, PS120 cells stably expressing FLAG-NHERF2 (C) (33), or
kidney cortex (D) were applied to each lane and subjected to 10% SDS-PAGE.
The protein levels of NHE3, NHERF2, and GAPDH were detected by corre-
sponding antibodies. Representative blots are shown from three indepen-
dent experiments.
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PTH-mediatedDecrease in Surface NHE3 Is Not Significantly
Changed by Reduction of ClC-5—The explanation for similar
reductions in tubularNHE3 activity after treatmentwith cAMP
or elevated calcium was investigated by measuring changes in
surface NHE3 in OK cells using c27 to knock down ClC-5 and
PTH treatment (a previously established model of stimulated
proximal tubule endocytosis (30, 34)). These ClC-5 KD cells
had a 63 � 11% reduction of total ClC-5 (n � 8). Surface NHE3
was measured under four conditions, including sc control �
PTHandClC-5KD�PTH.All results were normalized to total
NHE3/GAPDH, which was not different under any of these
conditions (see Fig. 6,A and C). The surface NHE3/total NHE3
after a 40-min PTH incubation in the sc-treated cells was set at
100% in each experiment (n � 4). In the absence of PTH, sur-
faceNHE3 inClC-5KDcellswas reduced by 29� 5% compared
with that in sc-treated cells (p� 0.05, n� 4). In sc-treated cells,
PTH reduced surface NHE3 by 41 � 8% (p � 0.05, n � 4). In
ClC-5 KD cells, PTH reduced surface NHE3 by 29 � 9% (p �

0.05, n � 4). The relative reduction of surface NHE3 caused by
PTH in ClC-5-silenced and scrambled construct cells was not
significantly different (p � 0.16).
PTH-stimulated Rate of Endocytosis of NHE3 Is Not Different

in OK Cells Transfected with sc and sh—Because Clcn-5 KO
mice have demonstrated reduced rates of endocytosis in some
conditions, PTH-stimulated endocytosis of NHE3 was mea-
sured in sc and ClC-5 KD OK cells (Fig. 7) . The amount of
NHE3 internalized at 20, 35, and 50 min was normalized to the
surface NHE3 that was at 4 °C and was not treated with GSH
(Control). The rate of NHE3 endocytosis in ClC-5 sc cells
treated with PTH was 0.78 � 0.04% of initial surface NHE3
internalized per minute (n � 3), and the rate in sh c27 cells was
0.68 � 0.05% of initial surface NHE3 internalized per minute
(n� 3). ClC-5 was silenced by 66� 7% (n� 3). Taken together,
the rate of NHE3 endocytosis was not significantly different
between the sc group and sh group, showing that PTH-related
endocytosis was not altered by ClC-5 KD in OK cells.

FIGURE 5. ClC-5 KD reduces surface expression of NHE3 and megalin and total megalin in OK cells. A, total and surface NHE3 and megalin of OK cells
transfected with sc or sh were determined by a surface biotinylation assay as described under “Experimental Procedures.” Representative blots are shown from
four independent experiments. B, quantitative analysis of surface NHE3 or megalin by densitometry from experiments described in A is shown. The amounts
of surface NHE3 and megalin were calculated as the percentage of total NHE3 and megalin, respectively. Results are mean � S.E. of data from four independent
experiments. p values are in comparison with the sc group (paired t test). C, quantitative analysis of total NHE3 or megalin by densitometry from experiments
described in A. Total NHE3 and megalin were normalized to �-actin. Results are mean � S.E. of data from four independent experiments. p values are in
comparison with the sc group (paired t test). NS, not significant.
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DEX-mediated Increased Steady-state Amount of NHE3 Is
Reduced in ClC-5 KD OK Cells—An important difference
between WT and Clcn5 KO mouse proximal tubules was the

failure of Clcn5 KO tubules to significantly increase NHE3
activity after 3 h of DEX exposure. Because DEX has been
shown to increase exocytosis of NHE3 in PS120 fibroblasts and
OK cells (31, 33), the effect of ClC-5 KD was determined on
basal and DEX-stimulated surface amounts of NHE3 over 3 h
(thus measuring the steady-state levels of surface NHE3) (Fig.
8). As shown in Fig. 8, A and B, 1 �M DEX treatment for 3 h
increased the steady-state surface levels of NHE3 compared
with untreated control with no change in the total amount of
NHE3 (Fig. 8,A and B). The reduction of total ClC-5 by shRNA
silencing was 66 � 3% (n � 4) in untreated cells and 58 � 4%
(n � 4) in cells treated with DEX. In response to DEX, the
percentage ofNHE3 on the apical surface of scrambledOKcells
was increased by 54� 10% (n� 4, p� 0.005). In contrast, in the
ClC-5 KDOK cells, the DEX-mediated increase in the percent-
age of NHE3 on the apical surface did not reach statistical sig-
nificance (20 � 8%, n � 4, not significant). Of note was the
reduced surface NHE3 at 3 h in untreated ClC-5 KD compared
with untreated scrambledOK cells. Again, there was no change

FIGURE 6. Endocytosis of NHE3 stimulated by 0.5 �M PTH (40 min) is not
different between scrambled OK cells and cells with ClC-5 KD. OK cells
transfected with sc or sh construct were incubated with or without PTH (0.5
�M) for 40 min at 37 °C. Surface NHE3 was determined as described under
“Experimental Procedures.” A, a representative blot from four independent
experiments is shown. B, quantitative analysis of surface NHE3 by densito-
metry from experiments described in A. Values of surface NHE3/total NHE3
were calculated as the percentage of untreated sc group. Results are mean �
S.E. of data from four independent experiments. p values are in comparison
with the corresponding untreated sc group or sh group (paired t test).
C, quantitative analysis of total NHE3 by densitometry from experiments
described in A. Total NHE3 was normalized to GAPDH, and values of total
NHE3/GAPDH were calculated as the percentage of untreated sc group.
Results are mean � S.E. of data from four experiments. p values are in com-
parison with the corresponding untreated sc group or sh group (paired t test).
NS, not significant.

FIGURE 7. Rate of endocytosis of NHE3 in response to PTH is not signifi-
cantly different between scrambled and ClC-5 silenced cells. OK cells
transfected with sc or sh constructs were incubated at 37 °C in the presence of
PTH (0.5 �M) for 0, 20, 35, and 50 min. The amount of endocytosis of NHE3
(internalization of surface NHE3) at the above indicated time points was
determined by a GSH-resistant endocytosis assay as described under “Exper-
imental Procedures.” A, a representative blot from three independent exper-
iments is shown. B, quantitative analysis of endocytosis of NHE3 by densito-
metry from experiments described in A. The amount of internalized NHE3 via
endocytosis at each time point (20, 35, and 50 min) was calculated as the
percentage of surface NHE3 of the corresponding control group, which was
always kept at 4 °C and was not exposed to GSH. The slopes of endocytosis of
NHE3 were calculated to determine the rates of endocytosis in sc and sh
groups as shown in A. Results are mean � S.E. of data from three independent
experiments. Con, control.
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in the total NHE3 amount in ClC-5 KD cells. Taken together,
these data indicate that the degree of increase of surface NHE3
caused byDEXwithClC-5 silencedwas significantly lower than
that seen in scrambled cells. The similarity of results in vitro
and in the Clcn5 KOmouse proximal tubules in vivo is another
indication that the OK model can be used to understand how
ClC-5 regulates NHE3 activity and its distribution and suggests
a possible role for ClC-5 in basal and dexamethasone stimula-
tion of NHE3 exocytosis.
ClC-5 KD Reduced Basal and Prevents DEX-stimulated Exo-

cytosis of NHE3 in OK Cells—Rates of NHE3 exocytosis were
determined in OK cells expressing scrambled and ClC-5 KD
shRNA. NHE3 exocytosis was linear between 0 and 7 min (Fig.
9, A and B). As shown in Fig. 9C, the basal initial rate of exocy-
tosis was reduced in the ClC-5 KD cells by 47% compared with
that of scrambled cells (n � 3, p � 0.005). Further studies were
performed during the period of linear exocytosis (4 min). To
confirm that DEX treatment stimulated exocytosis in this
model, exposure ofOK cells to 1.5�MDEX for 2.5 hwas used to
further reduce the possible contribution to an increase in the
amount of NHE3 via DEX-stimulated transcription of NHE3.
As shown in Fig. 9D, this treatment with DEX did not alter the
amount of NHE3 in either the sc or sh samples. DEX increased
NHE3 exocytosis in scrambled construct-treated cells by 34%
(p � 0.05, n � 10; Fig. 9, E and F). In contrast, in the ClC-5 KD
cells, NHE3 exocytosis was reduced in control conditions by
44% (p� 0.05, n� 10) compared with that in sc cells, and there
was no increase in NHE3 exocytosis induced by DEX. These
results demonstrate a role for ClC-5 in both basal and DEX-
stimulated exocytosis of NHE3.

DISCUSSION

Several striking abnormalities have been documented in the
proximal tubule of the Clcn5 KO mice. In the face of normal
gross structure in the young mice studied (4), there are mark-
edly reduced apical amounts ofNhe3,Npt2a, andmegalin along
with reduced total Npt2a and megalin (2). Although the
increased urinary loss of sodium and phosphate is explained by
the reduced apical expression of Nhe3 and Npt2a, the major
proteins involved in the bulk of Na� and phosphate absorption
from the kidney, themechanisms underlying the abnormal api-
cal distribution and consequently the reduced function of the
transporters have not been determined.
We used two epithelial models to determine the conse-

quences in renal proximal tubule of either absent or greatly
reduced expression of ClC-5 on the activity of a transport pro-
tein, NHE3, which cycles between the endosomal system and
the brush border under basal conditions and is acutely regu-
lated primarily by changes in the rates of its endocytosis and/or
exocytosis (35). Both in native murine proximal tubule and in a
non-malignant proximal tubule cell line (OK cells), our results
showed that ClC-5 was necessary to maintain basal NHE3
activity as well as for stimulation of NHE3 by short time expo-
sure to DEX, whereas ClC-5 was not necessary for acute cAMP,
elevated Ca2�, and PTH inhibition of NHE3. These changes in
transport were all due to abnormal trafficking of NHE3 when
examined in polarized OK cells with reduced NHE3 surface
expression under basal conditions due to reduced exocytosis

FIGURE 8. Surface NHE3 in OK cells is significantly increased by 1 �M

DEX (3-h treatment) in scrambled OK cells but not when ClC-5 is
silenced in steady-state studies. A, OK cells transfected with sc or sh
construct were blocked with NHS-acetate twice for a total of 60 min at
4 °C. Cells were then washed and incubated at 37 °C in serum-free medium
with or without 1 �M DEX treatment for 3 h. Then surface NHE3 and total
NHE3 were determined by a surface biotinylation assay described under
“Experimental Procedures.” A representative blot from four independent
experiments is shown. B, quantitative analysis of surface NHE3 by densi-
tometry from experiments described in A. Values of surface/total NHE3
were calculated as the percentage of untreated sc group. Results are
mean � S.E. of data from four independent experiments. p values are in
comparison with the corresponding untreated sc group or sh group
(paired t test). C, quantitative analysis of total NHE3 by densitometry from
experiments described in A. Total NHE3 was normalized to GAPDH, and
values of total NHE3/GAPDH were calculated as the percentage of
untreated sc group. Results are mean � S.E. of data from four experiments.
p values are in comparison with the corresponding untreated sc group or
sh group (paired t test). NS, not significant.
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FIGURE 9. ClC-5 knockdown decreases basal and DEX-induced exocytosis of NHE3 in OK cells. A, confluent serum-starved OK cells were incubated with
NHS-acetate. The first lane in sc and sh groups is 0 min at 37 °C. OK cells transfected with sc or sh constructs were then incubated for 3 (second lane), 5 (third lane),
and 7 min (fourth lane) at 37 °C to allow exocytosis of NHE3. OK cells were then chilled to 4 °C, and newly inserted NHE3 (exocytosis of NHE3) was biotinylated
and detected by Western blotting. GAPDH levels were measured in the surface biotinylated fraction as a negative control to ensure the absence of intracellular
protein biotinylation. A representative blot from three independent experiments showed exocytosis of NHE3 under basal conditions. B, the surface amount of
NHE3 exocytosed in A was measured by densitometry with signal at 0 min (background) subtracted from all time points. Arbitrary densitometry units at each
time point (3, 5, and 7 min) are shown. C, quantitative analysis of exocytosis of NHE3 by densitometry from experiments described in A. The slopes of exocytosis
of NHE3 within 7 min were calculated from each experiment with results of the sc group set as 100%. The basal initial rate of NHE3 exocytosis in the sh group
was calculated as the percentage of that in the sc group. Results are mean � S.E. of data from three independent experiments. p values are in comparison with
the sc group (paired t test). D, OK cells (sc and sh) were treated with and without DEX (1.5 �M) for 2.5 h. Equal amounts of proteins (20 �g) from total lysates of
cells were separated by 10% SDS-PAGE, and the levels of NHE3, ClC-5, and GAPDH were detected by Western blot analysis. A representative blot from three
independent experiments is shown. E, OK cells were treated with and without DEX (1.5 �M; 2.5 h), exposed to NHS-acetate, and then warmed to 37 °C for 0 or
4 min. Cells were then cooled to 4 °C, and newly inserted NHE3 was detected by biotinylation and Western blotting. Intracellular GAPDH was measured in the
surface-biotinylated fraction to ensure the absence of detection of intracellular proteins. A representative blot from 10 independent experiments is shown.
F, quantitative analysis of exocytosis of NHE3 by densitometry from experiments described in E is shown. The value from the difference between 0 min
(background) and 4 min is considered the amount of exocytosed NHE3. The amount of exocytosed NHE3 was calculated as the percentage of sc group in the
absence of DEX treatment. Results are mean � S.E. of data from 10 independent experiments. p values are in comparison with the corresponding untreated sc
group, untreated sh group, or treated sc group (paired t test). EXO, exocytosis; T, total; NS, not significant.
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and a similarly reduced DEX stimulation due to failure of DEX
to stimulate exocytosis of NHE3 in the absence of ClC-5. In
contrast to a role for ClC-5 in basal and stimulated exocytosis,
both cAMP and elevated Ca2�, both of which inhibit NHE3 at
least in part by stimulating its endocytosis, caused normal per-
cent inhibition of NHE3 in ClC-5-null mouse proximal tubule.
Also PTH, which affects NHE3 by elevating both Ca2� and
cAMP in proximal tubule, caused a similar rate of endocytosis
of NHE3 in WT and OK cells in which ClC-5 was knocked
down. Moreover, given the prolonged half-life of NHE3 of �14
h (36), the changes described here, which occurred over much
shorter times, indicate that changes in brush border (BB)NHE3
were not related to changes in plasma membrane delivery of
newly synthesized NHE3.We conclude that ClC-5 is necessary
for basal and DEX-stimulated exocytosis but not for endocyto-
sis of NHE3 in these epithelial cells.
This is the first detailed examination in renal proximal tubule

of the dependence on ClC-5 of trafficking of Nhe3 and exami-
nation of effects on exocytosis, although the initial study of the
renal phenotype ofClcn5KOmice identified a role for ClC-5 in
proximal tubule trafficking (2). There weremultiple reasons for
attention to be paid first to potential effects of ClC-5 on endo-
cytosis. Clcn5 KO mouse renal cortex exhibited a reduced BB
amount of the receptor protein megalin along with reduced
total expression ofmegalin;megalin is themajor renal proximal
tubule BB receptor for endocytosis (2, 23). Also, the clinical
manifestations of Dent disease are consistent with reduced
proximal tubule endocytosis; there is reduced renal absorption
of glucose, amino acids, and low molecular weight proteins,
accounting for the glucosuria, aminoaciduria, and lowmolecu-
lar weight proteinuria that are part of this syndrome (5). More-
over, knocking out ClC-5 reduced proximal tubule receptor-
mediated endocytosis (�2-microglobulin and albumin) and
fluid phase endocytosis (dextran and horseradish peroxidase)
(37). Lastly, because NaPi2a is regulated only by endocytosis
and does not undergo exocytosis, it was logical that emphasis
would be on the role of ClC-5 in its endocytosis (2).
However, it was also recognized that reduced endocytosis

would increase, not decrease, BB NHE3 and NaPi2a; this is the
opposite of what was observed (2). Thus, it was suggested that
this aspect of the pathophysiology of the lack of ClC-5 in KO
mice kidney is caused by reduced PTH endocytosis/increased
luminal PTH because this process is dependent on surface
megalin. Thus, reduced surfaceNHE3 andNaPi2awere consid-
ered secondary to reduced PTH endocytosis (2). However,
there were inconsistencies in the data supporting this hypoth-
esis. For instance, other animal models in which megalin (38)
and its chaperone receptor-associated protein (39) were
knocked out had unaltered surface expression of NHE3. These
contradictory results led us to speculate that, besides the low
surface expression of megalin and consequently high concen-
tration of tubular PTH, additional mechanism(s) might con-
tribute to the reducedNHE3 surface expression observed in the
animal model lacking ClC-5.
Recent studies focusing on molecular mechanisms of ClC-5

actions indicated that ClC-5 might have a direct role in regula-
tion of NHE3 trafficking. Drugs that abrogate vacuolar acidifi-
cation (as occurs with ClC-5 KO) did not affect the rate of

endocytic uptake but inhibited recycling or transfer to lyso-
somes (40). In addition, ClC-5 directly interacts with NHERF2,
a PDZ domain-containing protein that is essential for both
endocytosis and exocytosis of NHE3 (32, 35, 41). Moreover,
NHE3 has a function similar to that of ClC-5 in respect to acid-
ification of some endosomes (37). Finally, in proximal tubules
and intercalated ducts in several patients with Dent disease, the
H�-ATPase appeared on the basolateralmembrane rather than
in the normal BB location (42). This appears to be an example of
altered polarity of a specific protein, whereas the polar distri-
bution ofmultiple other proteinswas normal (42). These obser-
vations suggested that ClC-5, NHE3, and H�-ATPase might
localize (at least partially) in a common compartment, and
ClC-5 might regulate NHE3 trafficking. This evidence led us to
examine in detail the role of ClC-5 in the trafficking of NHE3.
Our data showed that under basal conditions (which is in the
absence of high luminal PTH) surface expression of NHE3 is
decreased in OK cells with reduced expression of ClC-5, which
is similar towhat is seenwithmegalin, suggesting that it is likely
that ClC-5 plays a similar role in the regulation of trafficking of
NHE3 and megalin. Furthermore, our direct measurements of
NHE3 exocytosis and endocytosis demonstrate that, at least in
OK cells, it was exocytosis and not endocytosis of NHE3 that
depended on ClC-5.
The similarity of the ClC-5 dependence of NHE3 trafficking

in intact mouse proximal tubules and OK cells is surprising
because it has been suggested that in proximal tubules NHE3
inhibition by trafficking from the microvilli is primarily to a
domain just superior to the intermicrovillar clefts and does not
cycle to the clathrin-coated pit area and endosomes as occurs in
other epithelia, including Caco-2 cells andOK cells (43). None-
theless, we suggest that ClC-5 is serving the same function in
exocytosis in both proximal tubule and OK cells, although the
nature of that comportment has not been identified in either.
Concerning the mechanism by which reduced or absent

ClC-5 reduces trafficking, it has been assumed that ClC-5, act-
ing as a Cl�/H� antiporter, neutralizes the electropositivity
generated by the H�-ATPase pumping H� ions into intracel-
lular vesicles, thus allowing further acidification of the intracel-
lular organelle in which both occur. Importantly, that this was
the only role for ClC-5 was recently challenged by the demon-
stration of a role for Cl� separate from charge neutralization as
well as a role for intraorganellar cations in establishing intracel-
lular organelle acid pH (22, 44). Of note, the identity of the
intracellular organelle involved in NHE3 exocytosis has not
been determined.Our results suggest that anNHE3-containing
recycling endosome is likely to be affected by ClC-5 reduction.
As an alternative explanation to direct effects of ClC-5 on

intracellular organelle function, because the NHERF multi-
PDZ domain scaffolding proteins are known to be involved in
inhibition of NHE3 by cAMP and Ca2� and in dexamethasone
stimulation (31, 41, 45, 46), it was determined whether there
were any changes in the level of these proteins in theClcn5KO.
By immunoblots, there was no change in the amounts of
NHERF1, -2, and -3 in Clcn5 KO lysates of renal cortex (data
not shown), indicating that changes in their levels did not
account for abnormal Nhe3 activity in the Clcn5 KO.
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A surprising result of these studies was the apparently nor-
mal rate of both basal and stimulated NHE3 endocytosis in
proximal tubule of both Clcn5 KO and OK cells with ClC-5
expression knocked down. As reviewed above, there is strong
evidence that multiple examples of endocytosis are ClC-5-de-
pendent in renal proximal tubule, althoughmanymay be due to
the reduced apical megalin and/or to the consequently elevated
luminal PTH (2). However, there has recently been recognition
that there are many forms of apical endocytosis in addition to
receptor-mediated/clathrin-dependent and lipid raft-depen-
dent forms. The mechanisms by which NHE3 is endocytosed
have been shown to include clathrin-dependent and clathrin-
independent forms, including via lipid rafts (47–49). Thus, it is
possible that NHE3 endocytosis is not affected by reduced
ClC-5, even though ClC-5 affects multiple forms of endocyto-
sis, because NHE3 is taken up by some ClC-5-independent
endocytic pathway(s).
In summary, these studies have established a role forClC-5 in

exocytosis of at least one renal proximal tubule apical mem-
brane transporter (NHE3) as well as showing that although
ClC-5 is necessary for multiple example of endocytosis it is not
necessary for endocytosis of all proximal tubule proteins that
are regulated partially by stimulated endocytosis. Demonstra-
tion of the importance of ClC-5 in the regulation of NHE3 traf-
ficking should allow determination of the specificity of the
dependence on ClC-5 in regulated exocytosis and endocytosis
of additional apical proteins as well as providing a probe to
isolate and identify the intracellular compartment in which
ClC-5 is involved in NHE3 exocytosis.
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